In this paper, a continuing research effort is detailed aimed at effecting practical hinge-less closedloop flow control of wings. The systematic evolution of syntheticlpneumatic actuators suitable for this purpose, via distributed actuation, is described as is their effectiveness as flow control tools. The synthetic jet mechanisms are based on automotive technology; piston to Wankel-rotary, with the piston or rotor acting as the compressor. Control methodologies, for both controlling the DC motors driving the synthetic jet actuators (SJA) as well as controlling the wing in flee-to-pitch motions were developed. Methods of implementing and distributing the actuation, so as to allow pitch control at both low and high angles of attack are presented. High angle of attack control facilitated through upper surface separation control (with the SJA located close to the leading edge and ejecting its jet tangential to the surface) was shown to be effective and controllable. However, at low incidence, this geometric implementation is ineffective. For these conditions, a wind tunnel investigation was undertaken to examine the possibility of using a jet flap for hinge-less control. Tests encompassed jet momentum coefficient variation and comparison with a Gurney flap located at the same location. The data showed that the jet flap generates lift and moment coefficient increments similar to a 0.75% of chord Gurney flap for moderate jet momentum coefficients.
Introduction
Advances in fluidic control have recently raised the proposition of hinge-less flow control. For purposes of stealth, reduced vehicle weight, increased robustness and damage tolerance as well as compactness, hinge-less methodology is quite attractive. Implementation methods are driven by available fluidic control technology exemplified of late by the Synthetic Jet Actuator (sJA)'-4. Flow control or manipulation may be achieved through active or passive means; for moment and force augmentation active methods are more feasible. Continuous or oscillatory blowing may be used to suppress separation3, "virtually alter the s~r f a c e '~ or cause super-circulation through circulation control effected through trailing edge and Coanda surface Although recent work on synthetic jet actuation for flow control has shown great potential for hingeless flight controls applications, it has also brought to the surface several issues that need to be addressed
Research Associate before such hingeless flight controls can become reality in actual aircraft:
Actuators need to be compact, powerful and efficient. They will need to stand-alone, fully embedded in the winghlade they are trying to control. They need to be powerful in order to have enough control authority at the high Re and Ma number conditions of real-life flight. And obviously they need to be efficient to ensure that the expended energy to operate them does not outweigh benefits gained in terms of drag reduction, maneuverability, reduction or elimination of conventional control surfaces, etc.
Actuators need to be reconfigurable. The actuators will need to have sufficient reconfigurability, in order to have control authority over the entire range of angles of attack and Rema numbers. For example, currently actuators that are designed for separation control are ineffective at low angles of attack, where separation does not occur. Therefore, at these angles, the same actuator may need to work as a "virtual shaping" actuator in order to affect the aerodynamic loads. This means that, at the least, the actuator will have to reconfigure itself so as to change the direction and strength of the exit jet. Also, as flight ReMa numbers change, the actuator should be able to adjust its jet momentum coefficient for optimal effectiveness and efficiency.
Distributed sensing and actuation is necessary. Achieving distributed sensing is less of a challenge than achieving distributed actuation. Distributed SJA actuation demonstration is still lacking in the community. For example, one actuator, located close to the leading edge, which is what the community (including the present team) has most often used, is not enough to provide control authority over the entire wing for the range of flight conditions. Closed-loop control is necessary for the successful distributed actuation. Several issues demand the use of feedback. First is having varying sensorlactuator locations (resulting fiom multiple actuators and rapid actuator reconfiguration) and maintaining the right amount of control power (in order to avoid actuator saturation) all of which depend on the flight enveloplregime. In addition, one needs to ensure the effect of the aerodynamic load manipulation by accurate sensing and subsequent feedback control. Treating it as a control problem with a purely deterministic model would lead to performance degradation because of uncertainties or extreme combination of variations. It therefore becomes important to treat the problem as a robust control feedback problem.
Although it has been demonstrated that control of flow separation can be used for pitch control at high angles of attack2, this mechanism is not available nor viable at low angles of attack. Figure 1 shows typical modifications of the lift and pitching moment coefficients (for steady conditions) through the use of a single SJA located close to the wing leading edge, by varying the actuation frequency1. This figure, along with other results for variation of the exit slot width, demonstrates good promise for hingeless flight controls, since it illustrates the SJA's ability to almost continuously vary the aerodynamic coefficients via variation of the SJA operation parameters. However, at the same time, it illustrates limitations stemming fiom the fact that one single SJA actuator was used: (a) the stall angle cannot be increased beyond 23 deg. (while maintaining reasonable jet momentum coefficient values, around 0.004) and (b) for angles below 16 deg. (where the flow is attached even for the basic, no-control wing) the SJA has minimal effect. Although we had hoped to successfilly address limitation (b) by having variable exit jet direction of the same leading-edge actuator (more experiments are currently going on), our initial experiments did not provide sufficient control authority at low angles of attack. The above discussion illustrates the fact that a single SJA will most likely not have control authority over the entire range of angles of attack. Moreover, for maneuverability purposes, we want to have control authority in the negative-angle-of-attack range, SJAs will have to be installed not only on the leeward side of the wing, but also on its windward side. Thus distributed actuation is necessary.
The above arguments are also supported by our findings during tests for dynamic pitchmg maneuvers. Figure 2 shows modifications of the lift 'and pitching moment coefficients' through the use of a single SJA for the case of sinusoidal wing pitching over a range of 20 deg. and with a frequency of 2Hz. Although significant modifications can be seen (notice especially the elimination or reduction of the hysteresis loops), the SJA seems to have little effect during the majority of the pitch-up cycle, since the flow is attached, during this cycle, even for the basic wing.
At low incidence, the most receptive and effective location for modification to generate pitching moment is the trailing edge. An obvious modification is the flap. Moments are generated through flap deflection by movement of the rear stagnation point yielding increased vertical momentum transfer. Other trailing edge modifications are pneumatic; either a jet flap, where a high velocity jet is issued from the trailing edge at an inclination angle or a blown flap, where the jet is directed over the flap. All these methods are effective but may require significant quantities of air for operation.
The Gurney flap8*' has been shown to be a highly effective small-scale (typically 0.5 -1.5% of the chord) modification that can achieve significant lift and pitching moment generation. The flap functions by essentially increasing the downward deflection of the trailing edge flow, facilitated through the formation of a series of counter-rotating vortices similar to that of a von Karrnan vortex street. A subsequent effect is an apparent violation of the trailing edge Kutta condition, experimental data shows that finite loading is carried to the trailing edge. For hinge-less flow control the basic tenet (i.e. its small size) of the Gurney flap is attractive, but its implementation would require moving parts. Consequently, we need to investigate the moment and lift augmentation capability of a jet flap (operated at comparatively low jet momentum coefficients, Cmu), compared to a typically sized Gurney flap. The data will provide insight into the feasibility of this proven technology to facilitate hinge-less control. These tests also serve as a precursor to implementation of a SJA that may provide greater effectiveness coupled with lower required Cmu's. The effect of oscillatory fluidic actuation has been investigated by DeSalvo et al. lO . Their data suggests that for their implementation (jet ejected streamwise from the edge of the flap), actuation showed flow manipulation performance varying fiom that of a Gurney flap to a clean airfoil (with the flap present).
a (deg) Figure 1 . Modification of lift and pitching moment via single SJA actuation, for steady conditions. The first step towards achieving closed-loop hingless control of a wing's motions is the development of appropriate aerodynamic models. Methods to model dynamic wing motions include both the indicial response method as well as state-space implementations, such as those detailed by Leishman and Nguyenl' as well as Goman and ~hrabrov'~. Calculations to model these motions are complicated, but a few classical solutions do exist, such as those of Theodorsen and Wagner for a step change between two steady state conditions, i.e. the indicial response. As described by Bisplinghoff et al. 13 , knowledge of the indicial response allows determination of the response to arbitrary forcing ( e g arbitrary variations of angle of attack and pitch rate) through the use of the superposition integral (expressed as Duhamels' integral). However, the indicial response method can present difficulties when incorporated into the equations of aircraft motion, and the method becomes significantly more complicated when non-linear separated flow conditions need to be modeled. The state space method simplifies coupling of an unsteady aerodynamics model in that the resulting first order ordinary differential equations can be appended onto the equations describing the structural dynamics. The state of the system is that which allows future predictions of behavior (e.g. forces and moments) given future inputs (angle of attack variations). As shown by Leishman and Nguyenl', the state equations can be determined from taking the Laplace transform of the indicia1 response. Indicia1 responses are approximated by two or three pole exponential functions. The method of Leishman and Nguyen is applicable for attached flow conditions, while the method of Goman and Khrabrov is suitable for separated flow conditions. Leishman's method was developed to achieve modeling of rotary wing aerodynamics and as such has been extended to include effects of compressibility. The method has been validated for oscillatory pitch oscillations and ramp functions. Goman's method was developed to model high angle of attack aerodynamic phenomena, and has been shown to model vortex breakdown over delta wings as well as dynamic motions involving flow separation. Incorporating the effects of distributed SJA actuation into the model further complicates the above approaches. In the present investigation, aerodynamic modeling is achieved using experimental aerodynamic data and a Radial Basis Functions Network approach. The effect of the SJA is automatically incorporated into the model.
In the remaining of the paper, we first describe the experimental setups and procedures. Then we discuss the modeling and control of our SJA. Subsequently, we develop the aerodynamic model for our wing with a leading-edge-embedded SJA and develop the control algorithms for hinge-lessly controlling the wing in pitch at high angles of attack. Then we present an investigation of a pneumatic jet flap for achieving hinge-less control at low angles of attack. Finally we present the development of a novel rotary SJA in order to achieve actuator compactness, increase efficiency and maximum operation frequency. 
Experimental Models, Setups, Instrumentation and Procedures

Wing with Leading-Edge Actuation
The wing model for the testing of the leadingedge actuation and control at high angles of attack (above 16 deg.) is a NACA 0015 airfoil. This shape was chosen due to the ease with which the wing could be manufactured and the available interior space for accommodating the synthetic jet actuator (SJA). The wing has a chord length of 0.420 meters and a span of 0.430 meters. The exterior structure of the wing is comprised of three separate pieces: the upper and lower surfaces and the trailing edge section. The lower portion of the wing is being fabricated from Aluminum. This surface is designed to hold the SJA, mount to the sting by means of two bearings and create a firewall to protect the ESP from thermal effects. This section also takes the bulk of the forces created from the pitching of the wing. This lower wing half is machined out of a solid 0.45-meter x 0.45-meter x 0.038-meter plate of aluminum. Surface pressures were measured over the wing using a 32-channel ESP pressure scanner. More details on the wing and associated instrumentation can be found in reference 1.
Wind Tunnel Setup for Wing with LeadingEdge Actuation
The wing was mounted on a free-to-pitch model-mount in the test section of the 3'x4' Aerospace Engineering wind tunnel. The model mount was designed so that the wing can pitch about almost any axis along the chord (Figure 3 ). The assembly of one side of the pitching mount is described below. A rail (dark gray) is attached onto the side of the wing body. The rail is designed to allow for a carriage (red) to fit around it. The carriage is fixed onto the rail by screws. The carriage has a pin (black) that extends out of it and into a bearing. The bearing is located inside a bearing housing (green) that sits on top of the mounting strut. The mounting strut extends to the floor of the wind tunnel and is firmly attached to it. The pin that is free to rotate extends through the bearing housing so that an optical encoder can be attached to it in order to monitor the pitch angle of the wing. In the setup described above, there are also side plates (omitted from the figures for clarity) attached to the wing to ensure flow two-dimensionality. The plates are riding with the wing. Initially, to ensure that there are no aerodynamic forces transferred to the wing from the parts of the wing and setup components outside of the side plates, everything outside the side plates, on either side of the wing, was covered by fairings. A small gap (on the order of 1/32") between the fairings and the side plates ensured that: (a) there is no structural contact between the fairings and the moving wing (and thus no transfer of forces) and (b) there is no or minimal air flow in the interior of the fairings and thus no or minimal aerodynamic forces transferred to the wing from the components inside the fairings. However, in the closedloop pitch control that we were able to demonstrate, it was discovered that there was enough control authority, so that the fairings were not necessary. Consequently, they were removed so that we could acquire clear video of the controlled motion of the wing. The chordwise location (especially with respect to the pitch axis and the aerodynamic center) of the wing center of gravity was adjustable via internal (inside the wing) movable weights. This allows us to experiment with a range of stabiIity margins as well as with unstable configurations.
Initially measurement of the wing pitching moments at different actuation parameters were taken, with the wing was mounted on the free-to-pitch setup. However, for the pitching moment measurement tests the trailing edge of the wing was restricted from moving with a thin strut, which was equipped with a Futek inline force sensor. This allowed us to perform a range of experiments, in which, for a variety of angles of attack and actuation frequency, we measured the wing pitching moment directly from the load sensor. The freestream velocity was fixed at 20 m/s. The actuator frequency was varied from 30Hz to lOOHz at lOHz intervals. The angle of attack was varied from 17' to 27', at 2: intervals. A picture of the wing assembly installed in the test section of the 3'x4' Aerospace Engineering wind tunnel is shown in Figure 4 . The same setup was also used in testing our PIV system and acquiring preliminary data. The same setup also serves as the test-bed for the pitch control algorithms. For the hinge-less pitch control experiments, the same wing and free-to-pitch setup were used, but this time the strut restricting the trailing edge motion was removed. Thus the wing was free to pitch about the pivot axis, solely under the influence of the leading-edge SJA. The objective is to use the effect of the SJAs to directly control the angle of attack. To date, we have found it easier in terms of implementation, to use the angle of attack as the feedback for the closedloop control experiments. The aim of the controller is to regulate the angle of attack 'a' at a desired point or track a specified angle of attack trajectory. The intended control design is as follows. The angle of attack is a function of the SJA Motor Frequency ' f ' which in turn depends on the voltage ' V ' supplied to the SJA motor.
The control architecture has two loops as shown in Figure 5 . The outer loop aims to track a reference trajectory a; with f as the control input. Thus the outer loop demands a trajectory in f,, which acts as a reference to the inner loop.
All developed control laws, after being tested via simulations in MATLAB, are implemented in the wind-tunnel setup, via a control board, DS1104, from dSPACE Inc. The board has a Texas Instruments' DSP TM 320F240 processor and enough input channels for data acquisition as well as a 20 bit digital U0 (bitselectable) necessary to communicate with the experimental setup hardware. It has 4 analog-to-digital 16-bit inputs, 4 analog-to-digital 12-bit inputs and 8 digital-to-analog 16-bit channels adequate for the control strategies tested. There are also 2 incremental encoder interfaces (2 digital inputs). The angle of attack is measured using an optical encoder which gives an analog output proportional to the angle of attack. This is sent to one of the analog-to-digital (ADC) channels of the dSPACE board for use in CONTROLDESK. The wing surface pressures can also be measured using one of the ADC channels and proper addressing of the ESP pressure scanner can be achieved using five bits of the digital I/O. In the pressure data acquisition, time is given ( 1 5~s ) to enable the reading of each pressure tap to be read and all 32 pressure measurments are acquired in the chosen samphg time of the experiment. The pressures are recorded for further analysis. The speed of the SJA motor is measured using a magnetic sensor. This signal is sent to one of the ADC channels of the control board. The control signal coming from the computer is sent to one of the digital-to-analog (DAC) channels of the board. This is then sent to a servo amplifier that drives the SJA motor. The servo amplifer is programmed for current (torque) control, i.e., voltage in-current out mode. The Leading-Edge Actuator
The wing described above has embedded in it the leading edge synthetic jet actuator (SJA). Since the SJA was described in detail in refs. 14 and 15, we are only briefly re-iterating here its basic features for completeness. The basic principle of the SJA is shown in Figure 6a . A DC motor is connected eccentrically to a crank, which is in turn connected to a piston-cylinder -assembly. Due to the eccentricity, the rotary motion of the motor is translated to linear motion of the SJA piston which in turn generates a synthetic jet out of the exit slot.
For the present SJA, as shown in Figures 6b and 6c , electric motors drive a series of "off the shelf' small gasoline engines which are used as reciprocating compressors. The cylinder head of each of these engines is perforated and attached to a plenum, which is closed on all sides except for a slot machined on one of the walls. The change in the cavity volume of the plenum causes the pressure inside the cavity to fluctuate, creating the synthetic jet. 
Setup for Modeling and Control of leading-Edge SJA
This setup allowed us to perform system identification and construct a dynamic model for the leading-edge SJA, with voltage supplied to the SJA as the input and SJA motor frequency as the output. This is essentially the design of the inner loop for the control of the free-to-pitch wing, using the leading-edge SJA. The identification input consists of superimposed sinusoidal ) and square signals of different frequencies, so that all the dynamic modes of the SJA are excited for correct model identification. These signals were generated using the dSPACE Control Desk and the corresponding SJA response (SJA frequency) was measured via a magnetic sensor. This experimental data was fed to an Observer Kalman Identification Algorithm (OKID), which identified the SJA model with 'Voltage' as the input and 'SJA Motor Frequency' as the output. Figure 7 schematically shows the experimental setup. The SJA model was subsequently used in the design of a control algorithm for the SJA. The controller was implemented and tested using dSPACE. The SJA was asked to track a range of frequency signals.
SIMULINKIContro 1 Desk
Persistency of Excitation in the Input Spectrum
Pneumatic Gurney/Jet Flap Model and Setup
For achieving control at angles of attack less than 17 deg., we explored the use of a pneumatic trailing edge Gurney flap. For initial proof of concept testing, a continuous air supply was implemented using an external high-pressure source. A wing was manufactured to accommodate the continuous jet or SJA from foam and balsa. The wing was then covered with heat shrink to ensure a smooth surface. A NACA 0015 profile was used. The wing was equipped with end plates to mimic two-dimensional flow. Figure 8 shows the wing and blowing slot details. The width of the slot was lmm, giving a slot exit area of 0.0002mz. The slot was located 15rnrn from the wing's trailing edge. As implemented, the flap is a jet flap, with a large jet inclination (90 deg) angle. Prior to use for these experiments, the Pyramidal balance in Texas A&M University's 3' by 4' closed loop wind was re-calibrated. Subsequent balance verification tunnel. A freestream velocity of 151111s was used yielding through application of pure and combined loads suggests a Reynolds number of 0 . 7~1 0~. Tunnel turbulence accuracies better then 0.6% for I& drag and pitching intensity has been measured at less then 0.5% assuming moment. Wind tunnel corrections for solid and wake isotropic turbulence. Data acquisition was facilitated blockage were applied using the methodology described in Ref. 16 . Figure glower shows the wing installed in the anemometer where set to maximize frequency response wind tunnel (nearest end plate omitted for clarity).
Input voltage
for the highest expected SJA exit velocity. An overheat ratio of two was used. The hot wire was then calibrated To achieve blowing, shop air was used as the pneumatic source. Slot exit jet momentum coefficients were measured using a British Standard orifice plate. The orifice facilitated the measurement of the mass flow rate, which in conjunction with continuity allowed determination of the jet slot exit velocity. The measurement technique was verified using a TSI calibrator that allows accurate measurement of an air jet exhausting fiom its settling chamber. Air to the calibrator was supplied through the orifice plate. Slot exit velocities were measured and compared with predictions using the orifice. Agreement was generally within 1.5%.
Testing of Rotary SJA
The performance of the rotary SJA (RSJA) was documented via hot-wire measurements. Measurements were performed using a TSI model 1054 hot wire anemometer, with the sensor located approximately 0.5mm from the exit hole of the SJA. Prior to performing the measurements, the stability and damping of the using a TSI calibrator; a quadratic equation was used to relate measured velocity to bridge voltage. Velocities are estimated to be accurate to within 1.0% for a 95% confidence interval. The presented data was de-rectified to show the correct sign of the velocity throughout the cycle. The frequency of the SJA operation was measured using an optical tachometer; this value was then checked against the measured frequency from the time history data.
Results and Discussion
Modeling and Control of the Leading-Edge SJA
This section presents the design of the inner loop ( Fig. 5) for the control of the free-to-pitch wing, using the leading-edge SJA. The motor was supplied with the input voltage profile generated by dSPACE, as shown in Figure glower . This input consists of superimposed sinusoidal and square signals of different frequencies, so that all the dynamic modes of the motor are excited for correct model identification. Figure  9upper shows the response of the motor and the scaled input is superimposed on the output to indicate that there is no phase lag in the response. This experimental data is fed to an Observer Kalrnan Identification Algorithm The identified pseudo-linear model was then verified by two sets of experimental data. For the first set, the input voltage is applied as sinusoids, square waves and saw-tooth profiles with varying frequencies, in order to verify the performance of the identified model at different frequencies ( Figure 14) . For the second set of the verification data, the phenomenon of 'beats' is used to generate a sinusoidal signal of varying amplitude and this is added to a saw-tooth signal to span the entire operating range ( Figure 15 ). As seen in both figures, the model does a very good job at predicting the output for both cases. 
Loop, Leading-Edge Synthetic Jet Actuation
In this section, we discuss the on-going efforts in designing the control laws for hingeless wing control. We particularly discuss the control methodologies to generate a desired pitching moment at a particular angle of attack. The main challenge in designing the control methods for the SJA wing is the unknown input-output mapping. Different methods have been discussed in the literature to model the dynamic wing motion but all of these methods are complicated and can present difficulties when incorporated with aircraft equations. In the present investigation, we use a non-parametric approach to model the unknown wing dynamics. In the last two decades, Radial Basis Function based neural networks have emerged as powerful tools for continuous function approximation as well as dynamical system approximation.
The RBFN (Radial Basis Function Network) technique consists of approximating a non-linear function as the weighted sum of a set of radial basis functions, mainly Gaussian density functions, because their response can be confined locally without altering the global mapping: N where 4k is a radial basis functions with pk as the center of the kth radial basis function and is given by:
where R is a positive definite covariance matrix and is a measure of the spread of the function. For a Gaussian function we need to learn n parameters for pk, n(n-1) n + 7 for the covariance matrix R and 1 for its (n+ZXn+l) weight, for a total of 7 parameters for one Gaussian function.
The dimensionality of the RBFN is dictated by the total number of parameters required to approximate the given input-output data. The total number of parameters required is directly proportional to the size of the network. Different learning algorithms have been developed in the ~iterature""~ to learn these parameters. While all these methodologies are very effective, most of them suffer from the drawback of potential explosion in the number of basis functions needed to approximate the function behavior. The reason for this stems from the fact that, almost always, the radial basis functions are chosen to be circular. To overcome this problem, recently an "Intelligent" scheme known as Directed Connectivity Graph ro roach'^ has been developed, that sequentially learns the orientation of the dataset in real time and changes the orientation of the basis functions themselves, along with the centers and widths of the basis functions. More details on the Directed Connectivity Graph Approach can be found in reference 19.
To develop control laws for closed loop synthetic jet actuation, static experiments were first conducted to model the pitching moment coefficient of the wing section. Further, this model was then utilized to design control laws for set point tracking of the angle of attack. In the coming sections, we will present the formulation of two different control laws for synthetic jet actuation pitch control. The first formulation involves the design of a PID controller for set point tracking that is easy to implement and useful in gaining sufficient insight into the control related issues. The second formulation involves the design of model-error control synthesis2' based controller that could resolve the limitations faced with the PID controller. Before going into the details of control law formulation, we first present the results for static data modeling using the Directed Connectivity Graph approach.
Aerodynamic Model
For a fxed value of angle of attack and free stream velocity (20m/s), we varied the jet frequency from 30Hz to 1 OOHz in intervals of 1 OH. . Then keeping the free stream velocity constant, we varied the angle of attack from 17' to 23", in intervals of 2" and measured the pitching moment using the pyramidal force balance. Figure 24 shows the static pitching moment (in Nm) versus angle of attack (in degrees) for different SJA frequencies. As the available experimental data corresponds to static experiments, we model the pitching moment coefficient as a function of angle of attack and jet frequency:
The Directed Connectivity Graph algorithm mentioned earlier was used to approximate the static pitching moment data. The method introduces a network of locally valid approximations of the output variables (in our case C M ) in the space of the input variables (in our case a, f). The result is a global family of locally valid least square approximations that are averaged in such a way that global piecewise continuity results. Details can be found in ref. 19 . To invoke the directed connectivity graph approach, we divide the input space into a 2 x 2 grid and finally pick up 8 basis functions to approximate the experimental data. Figure 25 shows the variation of modeled and experimental moment data for various actuation frequencies. From these figures it is clear that we were able to model the static pitching moment data ( M . 1 2~~) within experimental error tolerances. It is important to mention that we required only 8 Gaussian functions to model the static pitching moment data although very few data points (total 36) were available for modeling. As needed, better modeling accuracy can be achieved by increasing the number of functions. We can use this RBFN model to compute the slopes of pitching moment with respect to angle of attack and SJA frequency at different operating points thereby enabling us to perform quasi-steady control of the SJA wing. 
Control Law Formulation: PID Controller
The equation of motion for a leading-edge SJA controlled, free-to-pitch wing can be represented as: (14) where I is the moment of inertia of the wing about the pivot point, a is the angle of attack f is the SJA frequency and Mo is the static moment acting due to the offset between the center of gravity of the wing and the pivot point. The nonlinear moment function M (a, f ) is unknown and is modeled by RBFN as described in the previous section using static experimental data. However, the control variable f appears in a non-affine way that makes the control problem more difficult. To be able to characterize these and other nonlinear control effects better, we first investigate the efficacy of simple PID based fxedlscheduled gain controllers for quasisteady control of the SJA wing in the wind tunnel. So, initially, the moment function is approximated by first order Taylor series expansion:
~( a , f ) = n + c ma a+Cm, f (15) 
Fig. 25. Static pitching moment (~1 2 1~~) versus angle of attack (in degrees) for different actuation frequencies (in Hz).
Now, substitution of equation (15) into (14) yields:
It is important to mention that Mo in the above equation also includes the effect of the term (pitching moment when a = f = 0 ). Now, the main control objective is to track a reference trajectory in terms of ar which is at least twice differentiable with respect to time (so a, , a, can be determined). The reference trajectory can be designed as a step function from one angle of attack value to another or a smooth 5" order polynomial, so that any 'Ijerking" is minimized.
Let us define e as the error between the actual and the reference angle of attack: 
Control Law Formulation: Model Error Control Synthesis
In the previous section, we discussed the PID controller design for the synthetic jet actuation by generating a linear model from the nonlinear model learnt by RBFN. But this procedure did not work as the pitching moment slope, Cma not only changes with angle of attack but its sign also changes due to flow separation at low actuation frequencies (Figure 24) , which the linear model was not able to capture. So it becomes necessary to use a model which can capture the points where the flow separate. Secondly the model learnt by RBFN is actually not a dynamical model so it becomes difficult to come up with a range of stabilizing gains. Therefore, we need to concentrate on the nonlinear control system design problem, which can also deal with large uncertainties in the model dynamics. So we decided to adopt a model error control synthesis (MECS) approachz3, which can take care of large model errors too. The approach presented in this section is not a new control scheme but is a combination of some existing control techniques.
Again, the equation of motion for a SJA controlled, free to pitch wing can be represented as:
where I is the moment of inertia of the wing about the pivot point, a is the angle of attack, o is the SJA frequency and M, is the static moment acting due to the offset between the center of gravity of the wing and the pivot point..
The nonlinear moment function M ( a , w ) is unknown and can be learnt online/off-line by RBFN as described in the previous sections. However, the main problem in RBFN modeling is that now the control variable o appears in a non-affme way which makes the control problem more difficult. We can use the sliding mode predictive controller for non-affine control system design, but due to lack of literature on non-affme control system design we first decided to make the control variable affine. Therefore, we approximate the static moment data by the following nonlinear model instead by RBFN: (27) where, f ( a ) and g ( a ) are third order polynomials (given by equation (28)) of the angle of attack, W is the weight of the wing and 1 is the distance between c.g. and pivot point: (28) Further, we use the method of Gaussian Least squares24 to determine the various coefficients of f ( a ) and g ( a ) . Figure 26 shows the variation of modeled (by polynomials and RBFN) and experimental moment data for various actuation frequencies. From this figure it is clear that even though the polynomial fit is able to capture the flow separation points (where the sign of Cm, changes), RBFN capture the behavior with higher accuracy. The first step in the MECS approach is to find the value of nominal control based upon the best-known model. We will use the sliding mode concept23'25 to come up with the value of nominal controller as sliding mode control methodology itself can take care of small model errors. So first we define the error sliding surface as:
where, e = a -a, is the tracking error. Now, we choose the nominal value for jet actuation frequency, W so that: which is not available at time t. So for implementation's sake we introduce a delay in A w ( t )
The stability proof for this control law can be found in reference 23. Further it is shown in the same reference that deliberate time delay introduced in equation (36) provides extra robustness. The main advantage of the update law given by equation (35) is that the system parameters need not be updated since their effects on the nominal system are used to update the nominal control value.
To test the control law we performed some computer simulations with our RBFN and polynomial learnt model. The control objective is to make a = 25' the set point. Initially, the wing is assumed to be balanced at a = 17' . To make the simulations more realistic we use the RBFN learnt model as the true plant model and the polynomial model as the nominal known plant model. Beside this, we also constrained the jet actuation frequency to lie between 0 and 120 Hz. Figure  27 shows the plots of achieved and reference angle of attack, while Figures 28 and 29 show the rate of change of angle of attack and commanded jet frequency, respectively. From the figures it is clear that even in the presence of model error we were able to achieve the commanded angle of attack signal perfectly within 10 seconds.
Further, to make the simulations more realistic we put the following constraint on jet frequency due to hardware constraints: Figure 30 shows the plots of achieved and reference angle of attack while Figures 31 and 32 show the rate of change of angle of attack and commanded jet frequency, respectively. From these plots it is clear that we are able to achieve the commanded angle of attack signal within a 0.5' error even in the presence of large model errors and constraints on jet actuation motor. We fmally mention that these simulation results form the basis for optimism but we are still facing some difficulties in implementing the control law in the wind tunnel. We should mention here that we heuristically demonstrated dynamic hingeless pitch control of the wing in the wind tunnel. We demonstrated control of two types of motion: (a) sinusoidal wing pitching of predetermined amplitude and (b) incremental, ramp-like changes of angle of attack from a current angle of attack to a different angle of attack. Since it was heuristic and not well documented, we are not presenting any data herein, but in the paper presentation we will show the video that illustrates the pitch control. 
Trailing-Edge Actuation
Force Balance
In all data, the effects of the jet reaction on lift and pitching moment coefficient (Cm) have been removed through tare runs; consequently, pure aerodynamic loading is shown. Results are summarized in Figures 33 to 35 . The effects of Cmu on the measured lift coefficient (Cl) is shown in Fig. 33 . Also included is a plot showing the lift augmentation ratio (upper element). This ratio is defined as (Clc,,,,,~o-Clc,,=o)/Cmu for the present jet configuration. The ratio clearly shows how the effectiveness of the jet relates to the supplied momentum A coefficient greater then 1 indicates that augmentation is greater then if the jet had been used purely for its reactive lift. Also included in the data are results for a 0.75% of chord Gurney flap (made from Brass shim), which was positioned at the same location as the jet. This is a typical size for a Gurney flap, and provides a reference for the lift and moment alteration provided through blowing. The data in Fig. 33 shows that the jet flap shifts the angle of attack for zero lift negative; as does a conventional flap. A momentum coefficient of 0.0068 is seen to provide similar lift augmentation to the gurney flap. The magnitudes of the recorded lift also suggest that the end plates were not large enough to ensure 2D flow. Supporting this is the lift curve behavior; they have a non-linear increase around 4 deg, as seen on low aspect ratio plates. However, this does not affect the comparative nature of the data presentation.
The effectiveness of the blowing may be gauged by examining the lift augmentation ratio shown in the top of the multi-part figure. The jet greatly augments the lift compared to the momentum added to the flow. Greatest augmentation is seen for the lower Cmu's; increasing the jet's momentum reduces the relative benefit if not the magnitude of the augmentation. The augmentation ratios are of similar magnitude to those calculated by Lockwood and ~o~l e r~~.
In the present application, the primary focus of the effect of the jet is in its impact on moment, so as to be suitable for hinge-less control. The negative shift of the pitching moment curve (moments taken about the quarter chord), typical of a trailing edge flap, is clearly seen, see Fig. 34 . As noted for lift, the zero lift pitching moment caused by Crnu = 0.0068 is comparable to that generated by a 0.75% chord Gurney flap. The magnitudes of the moment generated, although towards the low end of what a conventional trailing edge flap may generate, are sufficient for pitch control at low angles of attack. However, the required jet momentum coefficients ma be slightly excessive for actual implementation2! Pitch control could be achieved by locating a jet slot on the upper and lower surface, allowing control of the vehicles incidence. Also shown in Fig. 34 are the dependencies of the zero lift increments of Cm and C1 as well as the lift augmentation ratio on the jet momentum coefficient. As may be seen, the greatest augmentation occurs at the lowest Cmu's, with the increment appearing to monotonically approach a bound for increasing Cmu. Analytic expressions due to spenceZ8 suggest a dependency proportional to cmuO.' for C1 and l /~m u O .~ for the lift augmentation ratio. Curve fits of the experimental data using these functional dependencies are also included in the figure. Although Spence's theory is for low Crnu and small jet deflection angles, the data clearly shows that Spence's theoretical relations are still valid (in trend if not exact magnitude) for extreme jet angles.
Effects of the trailing edge devices on the measured drag coefficient are presented in Fig. 35 . The data shows that the Gurney flap incurs a zero lift drag penalty, which diminishes at higher lift coefficients, a result noted by other researchers9. The jet flaps have no experimentally significant effect on the recorded drag coefficient. This data suggests that while the Gurney and jet flap (Cmu = 0.0068) have similar performance, the jet flap is not hindered by a drag penalty at low incidence. It does however have the expense of requiring highpressure air. Calculations of power required indicate that at low incidence the jet flap configuration (Cmu = 0.0068) requires 10% less total power (drag plus jet) then the Gurney flap (drag). However, as incidence increases this advantage is lost (e.g. at C1 = 0.55, the jet flap requires 5.5% more power).
FIow Visualization
To gain an insight into the similarities1 differences of the trailing edge flow physics between the Gurney and jet flap, flow visualization using Titanium Dioxide was used. A thin plate was attached parallel to the side plates. Visualization of the skin friction lines on the stream-wise plate would then give an approximate indication as to the stream line patterns. Note that due to the effects of gravity on the fluid medium as well as the viscosity of the Kerosene, the data is purely qualitative and no inferences should be made as to precise locations or trajectories of flow features. Figure 36 presents acquired images for the 0.75% Gurney flap and Jet flap (Cmu = 0.01) at a freestream velocity of 15mls. The data infers that despite similar aerodynamic effect, the flow physics present are somewhat dissimilar. The jet flap shows evidence of significant turning of the flow around the trailing edge such that the jet exit becomes functionally the rear separation point. The jet is seen to expand rapidly and deflect streamwise; initially due to pressure gradients across the jet and later due to entrainment and absorption of the free stream axiaI momentum. Notice the half saddle aft of the trailing edge demarcating the dividing streamline between fluid drawn around the trailing edge and that drawn down and streamwise. The Gurney flap appears to shed a fairly thick wake extending from the separation bubble formed behind the flap. The visualized wake may correspond to the von Karman vortex street identified by ~effre~'. The significant turning of the flow seen with the jet flap is not observed. A line indicating the approximate trajectory of the shear layer shed from the flap extremity is also observed. Comparison of the skin friction patterns also suggests that while the jet flap draws the lower surface boundary layer away from the surface2', the Gurney causes deceleration and recompression. It may thus be tentatively inferred that the Gurney augments lift by violating the Kutta condition while the jet flap increases flow turning and hence effective camber near the trailing edge.
Development of Rotary Synthetic Jet Actuator
In the development of distributed SJAs there are several important considerations: The actuator has to be powefil enough, i.e. has to be able to produce sufficiently large Cp (jet momentum coefficient) values. For the present application, the level of necessary Cp values is on the order of 0.005. This, along with a reduced actuation frequency (F+) of around 1 and for realistic flight Mach conditions (M=0.4 or higher) and wing dimensions, translates to necessary SJA exit velocities on the order of 100m/sec with a slot width around 2mm. Moreover, the actuator has to be compact enough to be housed inside the wing. This requirement becomes even more stringent if multiple actuators have to be accommodated inside the wing in order to achieve distributed actuation. The actuator mechanism itself has to be compact, with high power density (output power per unit volume) and sufficient bandwidth for real-time reconfiguration.
As discussed previously, we developed a new type of SJA (refs. 14 and 15) that utilize small internal combustion piston engines as reciprocating compressors (no combustion occurring) that meet most of the requirements above. However, if distributed actuation is to be pursued, the current design is limited in terms of size and maximum frequency (due to accelerating moving parts). To be able to accommodate several SJA actuators, further miniaturization and compactness had to be pursued, without however sacrificing actuation authority (in terms of the Cp values the actuator can produce). We have extended our design, in order to overcome these limitations. The design we developed is the natural progression of our current design. We developed an actuator design based on an extension of the Wankel engine. Figures 37 and 38 illustrate the basic principle. The centroid (black dot in figure 37 ) of the curvilinear triangle piston moves on a circular trajectory. This causes the piston to rotate in such a way as to generate four synthetic jets, one fiom each of the four rounded comers of the square casing. Figure 38 illustrates this synthetic jet action better, in consecutive phases of the piston rotation. Let us concentrate on the upper left comer of the casing. If there was a slot at that comer, a synthetic jet would be produced out of it. This is obvious, if one observes that the volume between the rotating piston and the casing walls at the upper left comer periodically increases and decreases as the piston rotates. In figure 38a, this volume is at it's maximum. Going fiom fig. 38a to 38b, the volume decreases thus causing outflow through the comer slot. Then in fig. 38c the volume becomes minimum and at that point the direction of the flow through the slot changes sign, i.e. going fiom fig. 38c to 38d, the volume increases and causes inflow through the slot. We further optimized the design of the rotary SJA, inspired by a pump design by di Blasi, from 1915, to that shown in Figure 39 . There are three main components to the actuator: the triangular shaped compressor, the outside body housing and the power shaft (not shown in Figure 39) . A planetary gear mechanism drives the piston shaft. The piston shaft, which goes through the piston centroid, spins around its axis (referred to here as the "inner revolution"), as well as travels on the circular piston centroid path (referred to here as the "outer revolution"). In fact, these two revolutions are opposite in sense. The outer revolution is three times faster than the inner revolution, i.e., the piston shaft rotates around the circular trajectory three times faster than it spins around its own axis. Figure 39 shows the motion of the rotary synthetic jet in a series of 13 consecutive frames, corresponding to half an outer revolution. After three outer revolutions (and therefore one inner revolution) each SJA is actuated three times. Figure 39 . The motion of the rotary synthetic jet in a series of 13 consecutive frames, corresponding to half an outer revolution.
We built a prototype of the rotary actuator with dimensions 1.6" tall x 1.6" wide x 4"long and has a four chambers with volume displacements of 0.7in3. The rotary actuator can easily be scaled to be larger and can be lengthened without redesign. Figure 40 (top left) below shows one possible configuration of the rotary actuator. The compressor (blue) is turned inside the housing (yellow) by the planetary gears (red and purple). The drive shaft (purple) is driving two motors via belts (black). The figure also shows pictures of the prototype actuator, illustrating the outer casing, the rotating piston and the slot in the outer casing through which the synthetic jet in injected.
There are many benefits that are associated with this new design. The volumes associated with the four comers never communicate with each other, so four independent synthetic jets can be generated, one from each comer. There are no linearly oscillating masses. All moving parts are rotary, so no energy is expended in acceleratingldecelerating masses. The centroid of the piston moves on a circle so the piston is experiencing eccentric motion. This would normally lead to mechanical vibrations. However, if one considers three such actuators along the same line, run by the same motor, and with their pistons phased by 120 degrees with respect to each other, the entire assembly of rotating masses is perfectly balanced and mechanical vibrations are eliminated. We have practiced similar balancing techniques with the design of our current SJA and have been very successful in eliminating vibrations. Each of the three comers of the piston complete a rotation for every three rotations of the piston centroid. This means that the frequency for each SJA (4 SJAs, one at each comer) is the same as the frequency of the centroid rotation. The circular rotation of the piston can be easily achieved via planetary gear mechanisms. The maximum velocity of the rotary actuator is related to the chamber displacement volume times the outer revolution frequency divided by the exit slot area. For the current rotary design, it works out that the maximum exit velocity in m/sec is about equal to the one-half the outer revolution frequency in Hz. The graph in Figure 41 below shows the jet velocity of one SJA, using hot-wire anemometry, for an outer revolution frequency of 33 Hz. 
Rotary Trailing Edge SJA
For trailing-edge actuation, due to the tightness of available space we designed and fabricated a modified version of the above actuator. The new trailing edge rotary synthetic jet design (RSJA) is based on a design by cooleyfo. The design has three chambers and uses an elliptical rotor for compression (Figure 42) . The principle of operation is the same as described above. Simply the geometry is different. The prototype for the RSJA is shown in Figure 42 . The housing and body are machined fiom brass. The elliptical rotor is made fiom aluminum. The three chambers can be seen in the photo as a rounded triangle. The jet exit (a series of closely spaced orifices) can also be seen in the picture. The fully assembled RSJA can also be seen in the lower picture. Each triangular wedge piece is five inches and long. The elliptical rotor measures 0.5" across the major semi-axis. The compression chamber measures 1" from the base of the triangle to the apex. The span of the actuator is 9" and is made of 12 stacked pieces. There are two different sized exit slots on the RSJA made from rows of drilled holes. The two slots are made of 1/16 and 1/32 inch holes.
The trailing edge RSJA was preliminarily bench-top tested. Due to technical issues we could only go as high as 23Hz in terms of actuator fiequency. However, these problems are secondary and easily resolved. Our calculations show that our design should be able to achieve frequencies at least as high as 300Hz. Figures 43 and 44 show the jet exit velocity versus time for two different exit orifice diameters. At this point the achieved speeds are low due to the low actuation frequency. At frequencies of 300 Hz, we expect the exit velocity to exceed 100dsec. 
Preliminary PIV Measurements
Preliminary Particle Image Velocimetry tests were taken over a wing with a NACA0015 profile. Two Continuum Surelite 1-10 1024nm lasers are used to illuminate the seed particles. These two lasers are converted to 512nm lasers and combined. The laser is then routed to the necessary location using prisms and mirrors. A one-meter focal length mirror was used in conjunction with a sheet lens to create the laser plane above the wing. The seed particles were created using a smoke machine with a diffuser nozzle. The timing of the lasers and the camera were controlled via a 4-channel digital delaylpulse generator. This controlled was used to open the shutters of the individual lasers and set the capture rate of the camera. For the experiments the time between the lasers firing and conversely the time between the photographs was 50pm. The camera used was a Kodak Megaplus Camera. The image capture software in use is Xcap. The correlation software was
The PIV tests were performed with the wing dPIV 2.0. The test area over the wing is pictured in fixed at an angle of attack of 20 degrees. The free stream Figure 45 . The trailing edge was chosen since the wing velocity was 20m.s. The tests were conducted at two conditions: One with no synthetic jet actuation, the other with the synthetic jet operating at F+=2. The results indicate that the without actuation the flow is separated.
begins separation from the trailing edge. This can be seen from Figure 46upper . The actuated case, shown in Figure 461ower , shows that the SJA has a significant effect on the flow field, in terms or attaching the flow. Of course, this data does not show anything new. It simply serves as a verification of the proper operation of our P N system. Detailed PIV measurements focusing on the flow physics around the exit slot are underway.
Conclusions
In this paper, a continuing research effort is detailed aimed at effecting practical hinge-less closedloop flow control of wings. The systematic evolution of actuators suitable for this purpose is described as is their effectiveness as flow control tools. The synthetic jet mechanisms are based on automotive technology; piston to Wankel-rotary, with the piston or rotor acting as the compressor.
Control methodologies, for both controlling the DC motors driving the SJA as well as controlling the wing in free-to-pitch motions were developed. The leading-edge SJA was successfully modeled and controlled. Its response proved to be quite fast and sufficient for our purposes. We developed the aerodynamic model for the wing with a leading-edgeembedded SJA and develop the control algorithms for hinge-lessly controlling the wing in pitch at high angles of attack. For the aerodynamic modeling a novel Directed Connectivity Graph Approach, based on Radial Basis Function Networks, was developed and used to generate the aerodynamic model fiom experimental data. Subsequently, two different controllers were developed to control the wing in pitch. The first, a PID controller, proved inadequate. A Model Error Control Synthesis approach was developed and in simulations proved to be successful in controlling the wing in pitch.
Methods of implementing the SJA actuator, so as to allow pitch control at both low and high angles of attack were presented. Although high angle of attack control facilitated through upper surface separation control (with the SJA located close to the leading edge and ejecting its jet tangential to the surface) was shown to be effective and controllable, at low incidence, this geometric implementation is ineffective. For these conditions, a wind tunnel investigation was undertaken to examine the possibility of using a jet flap for hingeless control. Tests encompassed jet momentum coefficient variation and comparison with a Gurney flap located at the same location. The data showed that the jet flap generates lift and moment coefficient increments similar to a 0.75% of chord Gurney flap for moderate jet momentum coefficients. However, while the Gurney flap showed a zero lift drag coefficient penalty, this was not present for the jet flap. Analysis showed that the power required by the jet flap, for similar lift and moment increments, was less than the Gurney flap penaltytenergy (due to drag) at low incidence; this trait reversed at higher incidence.
Finally, we developed a novel rotary SJA in order to achieve actuator compactness, increase efficiency and maximum operation frequency, and preliminary tests showed good promise.
